Abstract-This paper investigates the lightpath establishment problem in the optical layer, which arises in multilayer traffic engineering. The static version of the problem is considered, in which the set of requested lightpaths is known initially, and the objective is to set up as many of these lightpaths as possible by assigning the physical layer resources efficiently. In establishing the lightpaths, physical layer impairments are also considered, such that the bit error rates of all established lightpaths should remain within acceptable limits. A heuristic algorithm, called ROLE, is proposed for the solution of this problem. An integer linear programming (ILP) formulation for the static lightpath establishment with physical layer impairments is also developed, which considers the aggregated effect of physical layer impairments. This formulation is used as a performance benchmark for ROLE on smaller-size networks. It also provides upper bounds even when the ILP model cannot be solved to optimality. The performance of ROLE is close to the optimum solutions for all studied problem sets, for which the optimum solution can be obtained. ROLE significantly outperforms previously proposed algorithms in terms of the number of lightpaths established. The effect of switch cross-talk ratio on the problem solution is also investigated.
I. INTRODUCTION
M ost of today's Internet traffic is IP originated, and with the migration of many real-time and quality-of-service-(QoS-) requiring services to IP, IP is foreseen to continue being the dominant network layer protocol in the future. The highly varying nature of the IP traffic and the QoS requirements of the services carried over IP urge telecom network operators to develop more cost-effective and efficient solutions rather than simply overprovisioning resources. Traffic engineering (TE) is one of the solutions that lead to flexible, quality-of-service providing, and cost-efficient networks [1] .
Traffic engineering is typically performed in IP networks today by deploying multiprotocol label switching (MPLS) under the IP layer [2] . MPLS provides powerful functionalities for traffic engineering, such as bandwidth-guaranteed connections and explicit routing capability [3, 4] . The dominant transport layer technology in today's metro and backbone networks is wavelength division multiplexing (WDM). By dividing the bandwidth capacity of a single fiber into multiple channels and by providing all-optical channels, WDM can eliminate the need for expensive optical-toelectronic conversions and make more efficient use of fiber's transmission capacity.
This multilayered network structure raises the questions of on which layer(s) traffic engineering should be applied and how. There are three commonly accepted models proposed by the Internet Engineering Task Force (IETF) for the interoperation of the IP/ MPLS and optical layers: overlay, peer, and augmented [5] . In the overlay model, the control planes of the two layers are separated. In the peer model, a single control plane is deployed over the IP/MPLS and optical layers, where the joint control plane controls both layers. In the augmented model, routing on each layer is controlled by the control plane of the corresponding layer, but certain information can be shared between the control planes.
Among these models, the overlay model is easier to implement with today's technology and can be preferred by the operators to ensure the privacy of each layer [6] . In this model, resource optimization is carried out separately in the electronic and optical layers, and the layers interact in a client/server relationship. The electronic layer requests lightpaths from the optical layer, and establishment of these lightpaths on the physical topology is carried out by the optical layer control plane. The set of established lightpaths forms the virtual topology seen by the electronic layer, and the electronic layer routes the traffic demands on this virtual topology [7] .
The problem of establishing the lightpaths requested by the electronic layer and assigning the physical layer resources to the established lightpaths is called the lightpath establishment problem. The solution of this problem is a part of multilayer traffic engineering (MTE) within the optical layer. The optical layer control plane decides which of the requested lightpath demands should be established and assigns a route and a wavelength to each of these lightpaths.
In this study, we investigate the static version of the lightpath establishment problem. In this problem, the set of requested lightpaths is known beforehand and the objective is to establish as many of the lightpaths from this set as possible, using limited physical layer resources. It is assumed that wavelength conversion is not available in the optical layer, and the wavelength continuity constraint should be satisfied along the established lightpaths. The physical layer impairments are also taken into consideration, so that bit error rates (BERs) along all established lightpaths should remain below the upper threshold.
We propose a polynomial time heuristic solution for the static lightpath establishment problem: reordered lightpath establishment (ROLE). We investigate the performance of ROLE and compare it with a recently proposed heuristic algorithm, pre-ordering least impact offline routing and wavelength assignment (POLIO-RWA) [8] . We also develop an integer linear programming (ILP) formulation for the static lightpath establishment problem subject to physical layer impairments. In the developed formulation, the aggregated effect of physical impairments is considered and hard constraints are imposed to guarantee that BERs along established lightpaths are below the chosen threshold. This ILP formulation is used as a performance benchmark for ROLE on smaller-size networks and for providing upper bounds even when the ILP model cannot be solved to optimality for larger topologies.
Our numerical studies show that ROLE can establish up to 14% more lightpaths than the POLIO-RWA algorithm. In our comparisons with ILP solutions, the number of lightpaths that can be established by ROLE is close to the optimum solutions for all the problem sets, for which the optimum solution can be obtained. In the ILP formulation solutions, longer lightpath demands have considerably higher blocking probabilities than shorter lightpaths. ROLE can produce solutions with a more fair blocking distribution according to lightpath demand lengths, in which longer lightpaths have a higher probability of being established, compared with the ILP formulation solutions. We also investigated the effect of the switch cross-talk ratio on the produced solutions. According to the results, for values smaller than −35 dB, the switch cross-talk ratio has a small effect on the number of established lightpaths and at −25 dB it reaches its maximum effect.
The rest of the paper is organized as follows. Section II introduces the lightpath establishment problem under physical layer impairments and gives an overview of the related literature. The physical layer model is described in Section III. Section IV presents the developed ILP formulation for the investigated lightpath establishment problem. The proposed ROLE algorithm is presented in Section V. Numerical results and evaluation of the ILP and heuristic solutions are presented in Section VI, and Section VII concludes the paper.
II. LIGHTPATH ESTABLISHMENT UNDER PHYSICAL IMPAIRMENTS
For a given set of lightpath connection demands, routing and assigning a wavelength to each connection is called the routing and wavelength assignment (RWA) problem [9, 10] . With no all-optical wavelength conversion capability, RWA is subject to two constraints: a lightpath should be assigned the same wavelength on all the links along its path, and no two lightpaths should be assigned the same wavelength on the same fiber. When the connection demands are permanent or long term, and known in advance as assumed in this study, the lightpath establishment problem is referred to as the static lightpath establishment problem, which can be solved by using offline RWA algorithms. On the other hand, when the lightpath demands arrive dynamically at random times and are served one at a time, the problem is referred to as the dynamic lightpath establishment problem, which should be solved using online RWA schemes. Linear programming formulations and heuristic search algorithms applying metaheuristics are proposed for the NP-complete offline RWA problem, whereas the online version is generally dealt with using fast heuristic algorithms. A detailed survey of various RWA approaches in the literature can be found in [10] .
Finding a route with a free wavelength is not the only constraint when establishing a lightpath. As the optical signal propagates over a lightpath, it experiences quality degradation due to physical impairments in various components. Important physical impairments include amplified spontaneous emission (ASE) noise, chromatic dispersion, polarization mode dispersion (PMD), cross-talk, filter concatenation, self-phase modulation, cross-phase modulation, fourwave mixing, stimulated Raman scattering, and stimulated Brillouin scattering [11, 12] . This signal quality degradation is cumulative, and, when the signal reaches the receiver node, the resulting BER may be above the acceptable value to be able to successfully communicate through the lightpath.
The RWA problem under physical layer impairments has been recently subject to increasing attention in the literature. The proposed approaches include linear programming formulations [13] [14] [15] , applications of metaheuristics such as Tabu search [16] , genetic algorithms [17, 18] , and heuristic algorithms [8, [19] [20] [21] [22] [23] [24] [25] . A comprehensive literature survey on physical layer impairment-aware (PLIA) RWA solutions for both offline and online versions of the problem is presented in [26] . As stated in [8, 15] , most of the studies in the literature focus on online PLIA RWA and the more difficult offline version is rather less investigated. Below, we provide a brief review of recent studies on and various solution approaches to the offline PLIA RWA problem.
Linear-programming-based solutions have been considered for the PLIA RWA problem. In [13] , the physical impairments are considered by assigning costs to links for each type of impairment. Then, the total flow cost in the network is minimized by using linear programming. Impairment effects depending on the interference of lightpaths, such as cross-talk, are neglected in that phase. In the next phase, BERs of the lightpaths to be established are calculated, and, if some BERs violate the minimum threshold, RWA is redone. LP formulations are also proposed in [14, 15] . In these studies, the aggregated effect of different types of impairments is considered while taking the interference among the lightpaths into account. In [14] , instead of using hard constraints, the physical layer impairments are taken into account by adding surplus variables in the objective function, whereas in [15] the aggregate effect of the physical layer impairments is included as a hard constraint. In both studies, ILP formulations are solved using linear programming relaxations with a piecewise linear cost function designed to produce integer solutions without integrality constraints, which is reported to yield integer solutions in most of the investigated problems. The formulation in [15] is compared with a non-PLIA RWA formulation and another formulation assuming the worst-case scenario for lightpath interference and shown to perform better than both in terms of blocking ratio and the number of wavelengths needed to satisfy the connection requests.
Use of metaheuristics is another approach used for solving the PLIA RWA problem. In [18] , the authors propose a multiobjective optimization strategy. To constrain the physical layer impairments, parameters such as mean number of common hops, mean path length, and mean number of common edges are included in the objective function and genetic algorithms are used for the solution.
There are also studies applying heuristic RWA algorithms with a specific order. A sequential algorithm based on random search (RS) is proposed in [19] . The lightpath demands are considered one by one in a predefined order and served by using alternate routing with k shortest paths and the first fit wavelength assignment scheme, without consideration of physical layer impairments. This process is repeated with random orderings of the demands and the order with the minimum number of blocked lightpath demands is chosen. After the RWA phase, a BER test is applied to each of the lightpaths in the solution set and a regenerator is placed along the lightpaths failing the test.
The POLIO-RWA algorithm [8] is the closest approach in the literature to our proposed solution. The lightpath demands are sorted according to the lengths of the shortest paths between their sources and destinations in an increasing order and served in that order. For each lightpath, the route and wavelength is chosen to maximize the minimum Q factor among the active lightpaths. POLIO-RWA is compared with the solutions proposed in [13, 19] and is shown to have a lower blocking rate. However, in this approach RWA is applied with a fixed order and whether the performance could be further improved by rearranging the initial demand sorting is not investigated. The fairness of such an approach is another issue, since it is expected to block lightpath requests with longer paths.
In this study, we propose a sequential heuristic algorithm for the solution of the lightpath establishment problem: reordered lightpath establishment (ROLE). ROLE can be incorporated with various RWA algorithms, among which we implemented and tested the most commonly used ones. Applying rerouting and investigating different demand sorting combinations, it outperforms other heuristic algorithms proposed for the same problem. We have shown that ROLE achieves a better blocking performance than the POLIO-RWA algorithm. ROLE has a polynomial time complexity, and it is shown to have a performance close to the optimum solutions for all the studied cases for which the optimum solution can be obtained. It can produce fair solutions in terms of the distribution of the blocking ratio according to the lightpath demand lengths.
III. PHYSICAL IMPAIRMENTS MODEL
We use the optical wavelength routing node (WRN) architecture introduced in [20] . The WRN includes a cross-connect switch (XCS), a pair of erbium-doped fiber amplifiers (EDFAs), and optical power taps for monitoring purposes on the input and output sides at each port. The XCS consists of an array of demultiplexers, optical wavelength routing switches (WRSs), and an array of multiplexers.
The lightpath architecture is as presented in [27] . Along the fiber, backward-pumped distributed Raman amplifiers (DRAs) are used as in-line amplifiers. In each amplification span, a standard single-mode fiber (SSMF) is followed by a dispersion-compensating fiber (DCF). The attenuation along the DCF and SSMF and the chromatic mode dispersion along the SSMF are completely compensated by the DRA and the DCF, respectively. The attenuation between the last DRA and the WRN is compensated by the EDFAs at the input and output ports of the XCS along with the internal losses of the WRN resulting from the taps, multiplexers, demultiplexers, and switching fabric of the XCS.
The BER estimation is carried out by using the Q-factor approach given the following formulas [11] :
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Decomposing the impairment sources as eye related and noise related, the Q factor at the destination node of the lightpath can be written as [28] Q end = I 1,start − I 0,start
The indices start and end are used to denote the parameter values at the start and end of the line. I 0 and I 1 denote the current levels, and 0 and 1 are the noise standard deviations corresponding to bits 0 and 1, respectively. The last multiplicand in Eq. (3) is the eye-related penalty; the second multiplicand is the noise-related penalty; and the first multiplicand is Q start , the initially assumed Q factor. Eye-related and noise-related penalties can be calculated separately. Since CMD is compensated by the CDFs along the fiber as mentioned before, the eye-related penalty is due to PMD only, and it can be calculated as [28] 
where B is the bit rate, D p is the PMD coefficient, and L is the length of the lightpath. The sources for the noise-related penalty are ASE noise at the EDFAs and intrachannel node cross-talk. Other impairments such as FWM and interchannel cross-talk are disregarded in this model. The noise variance at the receiver can be written as the sum of four components [20] :
where m stands for the transmitted bit (0 or 1), and sxm 2 , sspm 2 , shm 2 , and th 2 are the variances of the signal cross-talk beat noise, ASE beat noise, shot noise, and thermal noise at the photodetector, respectively. These values depend on the signal, ASE noise, and cross-talk power levels at the destination node and can be calculated using the equations given in [20] . Using Eq. (3), the upper limit on the noise standard deviation along a lightpath can be written as
where Q lim is the Q factor corresponding to the maximum acceptable BER, and 0,start and 1,start can be obtained from Q start and the channel power at the transmitters [21] . Then, for a lightpath to be established, we can define an upper bound on the noise standard deviation as an acceptance criteria as follows:
The lightpaths satisfying Eq. (7) are guaranteed to have a BER lower than or equal to the acceptable threshold.
IV. ILP FORMULATION
In the considered static lightpath establishment problem, the lightpath demands are given by a set D and the objective is to route as many of these demands as possible using the provided network resources. This problem can be formulated using ILP, and the optimization problem is shown to be NP-complete even when the physical layer impairments are not considered [10] .
In this section, we develop an ILP formulation for the lightpath establishment problem in the presence of physical layer impairments. The formulation is based on a path-based approach. Instead of applying constraints or assigning costs for different types of impairments separately, as in some of the previous studies, e.g., [13, 14] , the aggregate effect of physical layer impairments are considered in the constraints and the BER on the lightpaths in the solution is guaranteed to be below the acceptable threshold.
In the proposed formulation, the directed graph G = ͑N , L͒ represents the network topology with N being the set of nodes and L being the set of optical links. A set of paths are generated on the physical topology for each source-destination node pair, and the lightpath demands are routed on the paths chosen from these sets. Let P d denote the set of candidate paths along which demand d D can be routed. The path and the wavelength used by demand d is represented by the decision variable x wdp as follows: 
͑9͒
In this formulation, C l denotes the number of fibers on link l and T ldp is an element of the link-path incidence matrix where Constraint (8) implies that a demand can be routed on a single path and a single wavelength, and Eq. (9) represents the link capacity constraints.
To generate the constraints on the BER, we made use of Eq. (7), which gives an upper limit on the noise standard deviation for an acceptable BER. The noise variance at the receiver can be written as a function of signal, cross-talk, and ASE noise powers at the receiver, as proposed in [20] . Using the recursive equations given in [20] , we generate the linear expressions P S ͑w , d , p͒, P A ͑w , d , p͒, and P X ͑w , d , p͒, which represent the signal, ASE noise, and cross-talk power levels corresponding to lightpath demand d at the receiver if it is routed on the pth path in its path set and on wavelength w. Numerical values of P S ͑w , d , p͒ and P A ͑w , d , p͒ are calculated offline for each decision variable x wdp ; however, P X ͑w , d , p͒ depends on the routes of other lightpaths and its closed form expression contains the decision variables whose paths share at least one common node with the current lightpath candidate. The resulting linear expression derived from Eq. (5) for the noise variances at the receiver is as follows:
The variable b m in Eq. (10) represents the ratio of the received optical signal power for the corresponding bit m ͕0,1͖ to the average value of the received optical signal power. b m = 0 for m = 0, and b m = 2 for m = 1. The remaining parameters are listed in Table I . The rest of the parameters used in the model are the same as in [20] . Equation (10) provides a linear expression for the noise variances; however, the condition to attain the target BER is that the sum of noise standard deviations for bits 0 and 1 satisfies the upper threshold given in Eq. (7) . Therefore, to generate a linear constraint on the BER, a linear expression for the sum of standard deviations is needed. One possible solution to this problem is to neglect the noise variances due to bit 0 and choose a slightly larger Q factor than that corresponding to the target BER [15] . In this study, we use a different approach to guarantee that the resulting BER is lower than the threshold value. We search for the minimum value of a coefficient K, such that the following inequality is always satisfied:
The minimum value of K is found using Eq. (10) and assuming the worst-case scenario on the network. Finally, the BER constraint is introduced as
The expression for lim is used for implementing the classical big-M linearization [29] . The use of M in Eq. (12) guarantees that the inequality is satisfied when x wdp = 0, and the inequality becomes redundant when x wdp = 1. The smallest value of M, which is guaranteed to satisfy the inequality, is found by calculating the numerical value of the right-hand side expression in Eq. (10), when all the decision variables in the expression for P X ͑w , d , p͒ are taken as 1.
V. REORDERED LIGHTPATH ESTABLISHMENT (ROLE) ALGORITHM
The solution time of the ILP formulation introduced in Section IV increases exponentially with the problem size, and the extensive memory and running time requirements make the solution of the ILP formulation infeasible for medium-and large-size networks with large numbers of wavelengths. To obtain solutions for larger problem sizes, we propose a heuristic algorithm: reordered lightpath establishment (ROLE).
The objective of the ROLE algorithm is to route as many of the lightpath demands as possible without violating the BER constraints. ROLE basically routes the lightpath demands with different orders and chooses the best solution. It is implemented with various routing and wavelength assignment algorithms. It consists of three phases: RWA, rerouting, and reordering.
1) Routing and Wavelength Assignment:
ROLE can employ various RWA algorithms. In this study, three routing and three wavelength assignment algorithms are implemented and their combinations are investigated. Together with these routing and wavelength assignment algorithms, two exhaustive RWA algorithms are also implemented to investigate all possible route-wavelength combinations for each lightpath demand.
In the routing process, the routes are chosen from the previously calculated shortest-path sets for each source-destination pair. To route a lightpath demand, the paths in the shortest-path set are searched for an available wavelength and the first route on which an available wavelength exists is chosen. An available wavelength is defined as a wavelength that is free on all the links along the chosen path and satisfies the BER constraints for the current lightpath and the already-established lightpaths. The search order for the routes is determined by the routing algorithm. The implemented routing algorithms in this study are the shortest path first (SPF), shortest widest path first (SWPF), and widest shortest path first (WSPF) algorithms. The width of a path is a dynamic metric and it is defined as the number of available wavelengths along the path. The number of hops along the path is used as the path length.
For wavelength assignment, three algorithms are implemented: first fit with BER constraint (FFB), maximum BER (MB), and maximum-minimum BER (MMB). In the FFB algorithm, the wavelengths are numbered first. When assigning a wavelength to a lightpath demand, the smallest numbered available wavelength on the chosen path, which satisfies the BER constraints for that lightpath demand and the already-established lightpaths, is selected. In the MB and MMB algorithms, the resulting BERs for the current lightpath demand and the already-established lightpaths are calculated for all the available wavelengths on the chosen path. The MB algorithm assigns the wavelength that results in the lowest BER for the lightpath to establish and satisfies the BER constraints for that lightpath and the already-established lightpaths. The MMB algorithm assigns the wavelength that results in the lowest maximum BER among the lightpaths to establish and the alreadyestablished lightpaths, if the BER constraints are satisfied for these lightpaths. In all wavelength assignment algorithms, BER calculations are carried out using the Q-factor approach and decomposing the introduced Q-factor penalties as eye related and noise related, as explained in Section III and using Eqs.
(1)-(6).
Besides these routing and wavelength assignment algorithms that can be run jointly, two exhaustive RWA algorithms are also implemented: exhaustive minimum BER (E-MB) and exhaustive minimummaximum BER (E-MMB). These algorithms are exhaustive in the sense that they do not stop the search when they find an available wavelength on a path, but search all path-wavelength combinations to find the best combination for the lightpath demand. E-MB chooses the path-wavelength combinations giving the minimum BER for the lightpath demand to establish. E-MMB chooses the path-wavelength combination that gives the minimum of the maximum BER among all the established lightpaths in the network.
2) Rerouting:
In this phase, the objective is to improve the result of the RWA phase. After the RWA phase, the blocked lightpath demands are classified into two groups: wavelength-blocked demands and BER-blocked demands, i.e., lightpaths that are blocked due to capacity and BER constraints, respectively. The algorithm first tries to route the BERblocked demands. For each BER-blocked demand, the algorithm constructs a set of lightpaths that are routed on the same wavelength and share a common node with it. Then, it tries to reroute the lightpaths in this set. The aim of this procedure is to reduce the effect of the node cross-talk. The rerouting process continues until the BER-blocked lightpath can be routed or all the lightpaths in the set are tried. Then, the algorithm continues with the next BER-blocked lightpath.
The next step in this phase is to try routing the wavelength-blocked lightpath demands. For each wavelength-blocked lightpath demand, all the paths of the lightpath demand and all the wavelengths are searched to calculate the minimum number of reroutings needed to free an available wavelength along a path and the path and wavelength corresponding to this minimum. Then, the algorithm tries to reroute the lightpaths occupying the chosen wavelength on the links along the chosen path. If it is successful, the wavelength-blocked lightpath demand can be routed on that path and wavelength.
3) Reordering: At the start of the ROLE algorithm, the demands are sorted according to the length of their shortest paths. After the RWA and rerouting phases are run with the initial sorting order, the number of routed lightpath demands is recorded. The first lightpath demand that cannot be satisfied and is not marked is moved to the first place in the demand list and marked. Then, RWA and rerouting phases are run with the new sorting order. This reordering process is applied until there is no unsatisfied lightpath demand that is not marked, and the best result is recorded. Loops are avoided by marking the demands that are moved to the first place in the list and preventing them from being moved to the first place in another iteration.
The flow chart of the ROLE algorithm is given in Fig. 1 .
Computational Complexity:
The rerouting and reordering processes utilized in ROLE bring extra computational complexity to the employed RWA algorithm. The number of extra Q-factor calculations performed in the rerouting process is of the order of
where H denotes the average number of paths sharing at least one common node with a given path and k is the number of considered shortest paths for each source-destination pair. The reordering process multiplies the total complexity of the RWA and rerouting phases by a factor of ͉D͉.
VI. PERFORMANCE EVALUATION
In this section, the performance of the ROLE algorithm is investigated. In the first part, the effect of the initial sorting of the lightpath demands is examined. When evaluating the solutions, the percentage of the routed lightpaths from the demand set is used as the performance metric. However, a solution may seem to show better performance by rejecting most of the lightpath demands between the nodes that are further away in the physical topology and only establishing the lightpaths between closer nodes. This is not a desired situation since it violates fairness among the lightpath demands and it may also restrict the type of virtual topologies that can be established on top of the physical topology. Therefore, we also investigate the distribution of the blocking ratio as the path length changes to make a more comprehensive evaluation of the solutions.
The performance of ROLE is evaluated using different RWA algorithms. ROLE is run on four randomly generated physical topologies, each with 20 nodes and 25, 30, 35, and 40 bidirectional links (topologies 1-4, respectively). Simulations are run for three different numbers of wavelengths: ͉W ͉ = 4, 8, and 16. The lightpath demands, i.e., the logical topology, are generated randomly. The number of lightpath demands, ͉D͉, in the demand set depends on ͉W͉, and three sets of demands are generated for each value of ͉D͉. For ͉W ͉ =4, ͉D ͉ = 12, 16, 20, 24, 28, 32, 36, 40; for ͉W ͉ =8, ͉D ͉ = 24, 32, 40, 48, 56, 64, 72, 80; and for ͉W ͉ = 16, ͉D ͉ = 48, 64, 80, 96, 112, 128, 144, 160 are used. Ten shortest paths are calculated for each source-destination pair. The chosen threshold for the minimum value of the Q factor is 6 ͑15.5 dB͒, which corresponds to a BER of about 10 −9 without application of forward error correction (FEC) for a channel data rate of 10 Gbps.
In the next subsection, the performance of ROLE is compared with the ILP solutions for small-sized net- works. The ILP solutions are generated by solving the formulation introduced in Section 4. In the cases where an optimum solution could not be achieved, upper bounds and the best feasible solutions are reported.
ROLE is also evaluated on a realistic network topology based on the Deutsche Telekom (DTAG) network [30] for comparison with the POLIO-RWA algorithm [8] and two other algorithms that are derived from ROLE but do not apply rerouting and reordering. ROLE is shown to have a performance superior to the performances of the other algorithms. The performance improvements brought by the rerouting and reordering procedures are also shown. On the same physical topology, the effect of switch cross-talk, the most dominant physical layer impairment in the utilized model, and the percentage of wavelengthblocked and BER-blocked lightpath demands are also investigated.
A. Effect of Initial Demand Sorting
In this part, the effect of the initial sorting of the lightpath demands on the solutions produced by ROLE is investigated. The length of a lightpath demand is defined as the shortest hop distance between the source and destination nodes of the demand on the physical topology. ROLE is run with two different initial sortings of the lightpath demands: shorter demands first (SDF) and longer demands first (LDF). The two approaches are compared in terms of the ratio of the lightpath demands that can be satisfied from the offered demand set, for different values of demands per wavelength ͉͑D ͉ / ͉W ͉͒. The results show that, with SDF initial sorting, ROLE can satisfy a higher ratio of the offered lightpath demands and the maximum difference is approximately 5% of the offered lightpath demands. However, it is expected to have a tendency of denying the longer lightpath demands and thus causes unfair- ness among the offered demands and an important restriction on the type of virtual topologies that can be established. To examine this effect, we calculated the percentage of the blocked lightpath demands for each length. The results are presented in Figs. 6-9. The mean value and coefficient of variation (standard deviation/mean) for the lengths of the blocked lightpaths are given in Table II . As is observed from the results, the LDF initial sorting achieves a more fair distribution of the blocked lightpath demands in terms of demand lengths. The effect of initial demand sorting is investigated also on different topologies for larger values of ͉W͉ up to ͉W ͉ = 64. The results are very similar to those reported here for ͉W͉ =4,8,16; therefore they are not included in the paper.
B. Performance With Different RWA Algorithms
The performance of ROLE with different RWA approaches described in the previous subsection are evaluated in terms of the ratio of the routed lightpath demands. Each of the three routing algorithms (SPF, WSPF, and SWPF) are run with the three wavelength assignment algorithms (FFB, MB, and MMB), and two exhaustive RWA algorithms (E-MB and E-MMB) are also implemented. The results are shown in Figs. 10-13 for topologies 1-4. In the results, each routing algorithm is paired with the wavelength assignment algorithm it performs best, and the best of the two exhaustive algorithms is chosen. The initial demand Table III. According to the results, SWPF performs the best among the routing algorithms, when incorporated in ROLE. SPF has close performance, and WSPF performs considerably worse than the other two routing algorithms. Among the wavelength assignment algorithms, the performances of MB and MMB are similar and better than that of the FFB algorithm. The performances of the exhaustive RWA algorithms are also among the best together with the SPF and SWPF algorithms employing MB and MMB for wavelength assignment. The best performance is achieved by the SWPF-MB combination.
We investigated the reason for the close performance of the MB and MMB wavelength assignment algorithms. When a lightpath demand is blocked because of high BER, there are two possible cases that may have occurred. The first possible case is that the current lightpath demand to establish exceeds the BER threshold and thus has the highest BER in the network, since already-established lightpaths satisfy the BER constraints. The second case is that the BER of the current lightpath demand remains below the acceptable threshold, but it causes the BER of an already-established lightpath to increase and exceed the threshold. In both cases, the lightpath demand to be established is blocked. We computed the average percentage of blocked lightpath requests that fall into the first category, where the average is taken over all simulation events using topologies 1-4. This percentage is about 68% for both the SPF-MB and SPF-MMB algorithms, i.e., in 68% of the blockings due to high BER, the current lightpath demand to establish has the maximum BER among all the lightpaths in the network and the blocking occurs due to the BER of the current lightpath demand. It can be deduced that, in such cases applying the MinMax approach would also result in the blocking of the lightpath demand since the blocking is not due to the BER of other lightpaths.
To further investigate the performance difference between the MB and MMB algorithms, we calculated the maximum BER among the lightpaths in the established virtual topologies when the SPF-MB and SPF-MMB RWA algorithms are used. The results that are averaged over all demand sets and wavelengths are presented in Table IV . As is seen from the results, except for the simulations run on topology 1, which has the smallest number of physical links and therefore the lowest amount of physical layer resources, the average value of the maximum BER in the virtual topologies established by the MMB algorithm is lower. Although SPF-MMB slightly outperforms SPF-MB in terms of average maximum BER, the number of lightpaths that do not satisfy the maximum BER threshold is very close for the two algorithms. Therefore, their performances are similar in terms of the amount of established lightpaths.
C. Comparison With ILP Solutions
In this part, the solutions generated by ROLE and the solutions of the ILP formulation presented in Section IV are compared on smaller-size networks, for which the ILP formulation can be solved to optimality or near optimality. Three randomly generated physical topologies, each with 10 nodes, are used for this purpose: topology 5, topology 6, and topology ROLE is run with the E-MMB RWA algorithm with the SDF and LDF demand sorting orders. The ILP formulation is solved using the ILOG CPLEX 8.1 optimization problem solver, applying the branch and cut method. The solver is run with an upper limit on the spent CPU time of 10, 000 s. On the other hand, the longest run time for ROLE was 8 s in the studied cases. For the cases in which the problem could not be solved to optimality within the run-time limit, the best solution produced by branch and cut is recorded as the ILP solution. An upper bound is also produced by the branch and cut algorithm, by taking the best noninteger solution in the unexplored region.
The number of the routed lightpath demands is given in Tables V-VII for topologies 5, 6 , and 7, respectively. As can be seen from the results, the ILP formulation could be solved to optimality for smaller values of ͉W͉ and ͉D͉, but as the problem size grows, it cannot be solved to optimality within the applied CPU time constraint.
The ILP solutions on topologies 5 and 6 are slightly better than the solutions produced by the heuristic ROLE with SDF initial demand sorting. As the prob- The distribution of the blocked lightpath demands according to the shortest path lengths is presented in Figs. 14-16 for topologies 5, 6, and 7, respectively. The mean lengths and coefficients of variation (standard deviation/mean length) for the blocked lightpaths are given in Table VIII . As the results show, longer lightpath demands have a higher probability of rejection also in the ILP solutions. Applying LDF initial demand sorting with ROLE, it is possible to achieve a more fair distribution and lower probability of rejection for longer lightpath demands in exchange for a small reduction in the number of routed demands. 
D. Comparison With Other Heuristics
In this subsection, we compare the performance of ROLE with other heuristic algorithms. One of them is the POLIO-RWA algorithm proposed in [8] . In this algorithm, the lightpath demands are sorted according to the lengths of the shortest paths between the source and destination nodes in an increasing manner, as in the SDF sorting, and served in this preprocessed order. For each demand, the k shortest and ␦ distinct paths are calculated dynamically on a layered wavelength graph where only the links with available wavelengths are considered. RWA is performed in a way to minimize the maximum BER among all established lightpaths and if no route-wavelength combination satisfying the BER constraints is found, the lightpath demand is blocked. The algorithm is run with the parameters k = 10 and ␦ =2 Two other heuristic algorithms, lightpath establishment without rerouting (LERR) and lightpath establishment without reordering (LERO), are also implemented to demonstrate the improvement brought by the rerouting and reordering mechanisms utilized in ROLE. In these algorithms, the lightpath demands are sorted and served in the SDF order. RWA is performed using the SWPF-MB algorithm. Both algorithms perform RWA once and do not apply reordering. LERR stops after the RWA process while LERO also performs rerouting as in the ROLE algorithm. Both of these heuristics and ROLE are run with k = 10, i.e., 10 shortest paths for each sourcedestination pair.
The simulations are carried out on the reference Deutsche Telekom network [30] with 14 nodes and 23 bidirectional links with ͉W͉ = 16. The percentage of routed lightpath demands is calculated for different values of ͉D͉ between 24 and 132, and 10 demand sets are generated for each value.
The percentages of established lightpaths for the four algorithms are given in Fig. 17 . POLIO-RWA and LERR have similar performances in terms of number of established lightpaths. The difference between the performance of LERR and LERO shows the effect of the rerouting process. According to the results, applying rerouting increases the performance of LERR up to 7.9%. ROLE clearly outperforms the other three algorithms in terms of number of routed lightpath demands. ROLE has a performance up to 14% higher than POLIO-RWA and LERR and up to 7.2% higher than LERO. The results verify that the rerouting and reordering mechanisms utilized in ROLE provide significant performance improvement in terms of routed lightpath demands, and ROLE is superior to the compared heuristics.
E. Influence of Switch Cross-Talk Ratio and Number of Wavelengths
With the choice of parameters used in this study, the most dominant physical layer impairment source for transmission errors turned out to be the node cross-talk occurring in the optical switches. In this subsection, we investigate the effect of the switch cross-talk ratio ͑X sw ͒ on the amount of routed lightpaths and the amount of lightpath demands that are blocked due to high BER. The behavior of ROLE and the effect of X sw in the large ͉W͉ regime are also investigated in order to evaluate the effect of the number of wavelengths.
Simulations are carried out on the DTAG network topology for ͉W ͉ = 16 and ͉W͉ = 128. ROLE is run for different values of X sw . The initial demand sorting order is SDF. For ͉W͉ = 16, ROLE is run with the SWPF-FFB and E-MMB RWA algorithms, and for ͉W͉ = 128, it is run with the SWPF-FFB algorithm. For ͉W͉ = 128, the number of lightpath demands are increased proportionally with ͉W͉, so that the number of lightpath demands per wavelength ͉͑W͉ / ͉D͉͒ remains the same as in the case for ͉W͉ = 16. The percentage of routed demands for various numbers of lightpath demands are shown in Figs. 18 and 19 for ͉W͉ = 16 and ͉W͉ = 128, re- Fig. 17 . Percentage of the routed demands by the heuristic algorithms on the DTAG topology.
spectively. As seen in Fig. 18 , the E-MMB and SWPF-FFB algorithms show very close performance when incorporated with ROLE, which is consistent with the results of Subsection VI.B. Therefore, ROLE is not run with the E-MMB algorithm, which has a higher complexity, for ͉W͉ = 128. The change in the number of routed demands with X sw is similar for both ͉W͉ =16 and ͉W͉ = 128, with the difference that the number of routed lightpaths per wavelength is higher to some extent, for ͉W͉ = 128, due to more efficient statistical multiplexing as the number of wavelengths increases.
The results show that, for a switch cross-talk value larger than −25 dB, the percentage of routed demands does not decrease further as the cross-talk increases. After this value, the switch cross-talk ratio has the maximum effect and in the generated solutions no two lightpaths having a common node in their paths are assigned the same wavelength. For cross-talk values of −35 dB and smaller, the switch cross-talk ratio has little effect on the percentage of blocked lightpath demands.
To find out the major factor of lightpath demand blockings, we investigate the ratio of wavelengthblocked and BER-blocked lightpath demands, i.e., lightpath demands that are blocked due to capacity and BER constraints, respectively. These ratios are shown in Fig. 20 for ͉W͉ = 16 and ͉W͉ = 128 for various values of X sw . The number of offered lightpath demands is 132 for ͉W͉ = 16 and 1056 for ͉W͉ = 128. As can be seen from the results, BER blocking is the dominant blocking type for larger values of X sw , and for −35 dB and smaller values, most of the blockings are due to insufficient capacity. Figure 21 shows the change of the wavelengthblocked and BER-blocked lightpath demands with various numbers of lightpath demands for X sw = −30 dB. The capacity is sufficient to route all the offered lightpath demands when the number of offered demands does not exceed 96 for ͉W͉ = 16 and 864 for ͉W͉ = 128 and all blockings are due to physical impairments. After these values, the increase in the blocked lightpath demands is due to insufficient capacity, and as the number of offered lightpath demands increases, wavelength blockings also increase and become more dominant.
As the number of wavelengths and the number of offered lightpath demands increase proportionally, the percentage of routed lightpaths also increases, as can be seen from Figs. 18-21. Figures 20 and 21 suggest that the reason for this increase is the amount of lightpath demands that are blocked due to insufficient capacity, rather than high BER. That is an expected result because, for larger numbers of lightpath demands, the demands are distributed more fairly and a smaller number of bottlenecks are created in the network. 
VII. CONCLUSIONS
In this paper, we have investigated the lightpath establishment problem in the presence of physical layer impairments. This problem arises in the optical layer in MTE application scenarios. We proposed an efficient heuristic solution for the lightpath establishment problem: ROLE. We compared ROLE with POLIO-RWA, a recently proposed heuristic algorithm for the same problem that is shown to be superior to previously proposed heuristics [8] . ROLE is shown to have a performance up to 14% higher than POLIO-RWA in terms of number of established lightpath demands. ROLE can be run with different RWA algorithms. The most commonly used RWA algorithms are implemented and incorporated with ROLE, and their performances are evaluated.
An ILP formulation for the lightpath establishment problem is also developed. In the developed formulation, hard constraints are imposed on BERs, taking the aggregated effect of physical impairments into account. Since the considered physical layer impairments include node cross-talk, the chosen route and wavelength for a lightpath may affect the BER of other lightpaths. This fact makes the size of the ILP formulation excessively large. Therefore, the ILP formulation is used for evaluating the performance of ROLE on smaller-size networks. ROLE is shown to have a performance close to the optimum solutions for all the problem sets, for which the optimum solution can be obtained.
In the solutions obtained by solving the ILP formulation, longer lightpath demands, i.e., lightpath demands with longer shortest paths, have a higher blocking rate compared with the shorter lightpath demands. Changing the initial demand sorting order, ROLE can achieve a more fair distribution of blocked lightpath demands according to their lengths, at the expense of a slight reduction in the number of routed lightpath demands. This feature may bring a significant advantage since it allows more flexibility in designing the virtual topology at the upper layer.
We also investigated the major factor for lightpath demand blockings. Among the considered physical impairments, the most dominant one was the intrachannel node cross-talk. Therefore, we calculated the amount of lightpath demands blocked due to BER constraints and due to capacity constraints for varying values of the switch cross-talk ratio ͑X sw ͒. The results show that for values of X sw smaller than or equal to −35 dB, most of the lightpath blockings are due to capacity constraints. For X sw values larger than −30 dB, physical impairments are the dominant factor for blockings. At −25 dB, X sw reaches its maximum effect, beyond this value no two lightpaths having a common node on their paths are routed on the same wavelength. The ratio of lightpath demands blocked due to BER constraints and the effect of X sw are similar also for large values of ͉W͉. However, for larger numbers of wavelengths and lightpath demands, the ratio of blocked lightpaths due to capacity constraints decreases since the distribution of the lightpath demands becomes more balanced with the increasing amount of traffic. 
